Objective: Gut microbiota influence metabolic pathways related to the pathogenesis of obesity, insulin-resistance and diabetes. Antibiotic therapy can alter the microbiota, and is commonly used in western countries. We sought to evaluate whether past antibiotic exposure increases diabetes risk. Research design and methods: We conducted a nested case-control study using a large population-based database from the UK. The cases were defined as those with incident diagnosis of diabetes. For every case, four eligible controls matched on age, sex, practice-site, and duration of follow-up before index-date were selected using incidence-density sampling. Exposure of interest was antibiotic therapy O1 year before index-date. Odds ratios (ORs) and 95% CIs were estimated using conditional logistic regression. The risk was adjusted for BMI, smoking, last glucose level, and number of infections before index-date, as well as past medical history of coronary artery disease and hyperlipidaemia. Results: The study included 208 002 diabetic cases and 815 576 matched controls. Exposure to a single antibiotic prescription was not associated with higher adjusted diabetes risk. Treatment with two to five antibiotic courses was associated with increase in diabetic risk for penicillin, cephalosporins, macrolides and quinolones with adjusted OR ranging from 1.08 (95% CI 1.05-1.11) for penicillin to 1.15 (95% CI 1.08-1.23) for quinolones. The risk increased with the number of antibiotic courses and reached 1.37 (95% CI 1.19-1.58) for more than 5 courses of quinolones. There was no association between exposure to anti-virals and anti-fungals and diabetes risk. Conclusions: Exposure to certain antibiotic groups increases diabetes risk.
Introduction
The composition and diversity of the gut microbiota affect pathways related to metabolism, inflammation and immunity, and are highly associated with human health and disease. Specific changes in the microbiota were described in a wide range of diseases from inflammatory bowel disease to atherosclerosis and cancer (1, 2, 3, 4) .
In the past decades, obesity, insulin resistance and type 2 diabetes have become a worldwide epidemic (5) . Recent studies have emphasised the role of human gut microbiota in the pathogenesis of those metabolic conditions, showing increased prevalence among individuals with altered microbiota and low bacterial diversity (6, 7) . Additional studies demonstrated different microbiota composition in children with type 1 diabetes. Those works suggested difference in immune reactivity against certain bacterial strains in the pathogenesis of the disease as well as other autoimmune diseases (8, 9) . Diet may alter the microbiota composition, influencing the body's ability to utilise energy from food. Changes in the relative abundance of Bacteroidetes and Firmicutes, the two dominant bacterial phyla in the human gut, have been described in obese subjects (6) . Diets high in animal protein and animal fat were also associated with Bacteroides abundance, while Prevotella was associated with diets high in carbohydrates (7, 10, 11) . Similarly, in the Ob/Ob mice model, there was reduced abundance of Bacteroidetes and increase in Firmicutes compared with lean mice. Those changes in microbiota composition were shown to increase the capacity to harvest energy from diet (12) . Germ-free mice remain lean despite consuming a high-fat, sugar-rich diet (13) , and compensate for the reduced energy harvest due to lack of microbiota by higher dietary intake (14) . Moreover, the obese trait was shown to be transmissible by colonisation of germ-free mice with obese mice microbiota (15) .
Prolonged inflammation was also associated with insulin resistance and diabetes. Several works suggest that gut micobiota is involved in chronic intestinal inflammation (5) , increased gastro-intestinal permeability and metabolic endotoxaemia, contributing to the development of insulin resistance (16) . An increase in the level of bacterial 16S rDNA in blood was associated with higher diabetes risk in humans (17) . In addition, mice deficient in TLR5 or in components of the inflammasome were prone to metabolic syndrome and type 2 diabetes (18, 19) .
Moreover, microbial products, such as short-chain fatty acids, affect metabolism (2) . Those small molecules were also shown to regulate intestinal gluconeogenesis, thus influencing diabetes risk (20, 21) .
Two recent studies have demonstrated change in gut microbiota in patients with type 2 diabetes. In those large metagenome-wide association studies from China and Europe, there was an increase in the gram negative Bacteroides species and certain Lactobacillus species among diabetic patients as well as increased expression of pro-inflammatory genes (3, 4) .
Two additional clinical observations support the association between gut microbiota and diabetes risk. Following faecal transplantation from lean donors, insulin sensitivity of recipients with metabolic syndrome increased along with the levels of butyrate-producing intestinal microbiota (22) . In post-gastric bypass individuals, diabetes can resolve even before any change in weight, possibly due to a shift in bacterial population with reduction in Firmicutes and increase in Bacteroides species.
Those changes may be caused by the surgical procedure itself or be the consequence of change in diet (23, 24) .
Antibiotic therapy can alter the gut microbiota. In mice model, low dose penicillin disrupt the microbiota, alter metabolic genes and induce adiposity (25, 26) . In both Ob/Ob and diet-induced obese mice, antibiotic therapy maximally suppressing the numbers of aerobic and anaerobic bacteria improved glycaemic control independent of food intake and changed the hormonal, inflammatory and metabolic status of the host (27) . Recent works in humans have shown that antibiotic exposure among infants during the first year of life was associated with an increased the risk of overweight and central adiposity later in life (28) . However, it's unclear whether change in the microbiota is the cause or a consequence of insulin resistance and diabetes.
Since antibiotics are commonly used in western countries, the aim of the current study is to evaluate whether past antibiotic exposure is associated to diabetes risk.
Subjects and methods

Study design
We conducted a nested case-control study with incidence density sampling using the health improvement network (THIN), a large population-based database from the UK. This design is computationally more efficient than a cohort study, and produces odds ratios (ORs) that are unbiased estimates of incidence rate ratios (29) . The study was approved by the Institutional Review Board at the University of Pennsylvania and by the Scientific Review Committee of THIN.
Data source
THIN is a large population-based electronic medical records database from the UK that contains comprehensive medical records of approximately ten million patients under the care of general practitioners in 570 practices. THIN includes information on patient demographics, socioeconomic status, medical diagnoses, laboratory results and drug prescriptions. Under the National Health Services, 98% of the UK population receives all forms of health care through their general practitioners, thus the demographic and geographic distributions of the THIN population are broadly representative of those of the general UK. Registration date is defined as the date when patients were first registered with a practice in THIN and Vision date is the date that a practice began using in-practice Vision Software which collects information for the THIN database (30) . Data quality is monitored through routine analysis of the entered data (31, 32) . The database has been previously used for pharmacoepidemiology studies, showing excellent quality of information (33, 34) .
Study cohort
All people who received medical care from 1995 to 2013 from a THIN practitioner were eligible for inclusion. 1 804 170 (15.34%) patients without acceptable medical records (i.e. patients with incomplete documentation or out of sequence date of birth, registration date, date of death, or date of exit from the database) were excluded. The follow-up started at the later of either the Vision date or 183 days after the date at which the patient registered with the general practitioner (35) , and ended on the diabetes diagnosis date for those diagnosed with diabetes during the follow-up and on the earliest of date of death, transferring out of the database, or reach the end date of the database for controls.
Case selection
Cases were defined as all individuals in the cohort with at least one Read code (the standard clinical terminology system used in general practices in the UK) for diabetes mellitus during the follow-up period. Subjects who were diagnosed with the diabetes within the first 183 days after initiation of follow-up were excluded in order to avoid prevalent cases (35) .
Selection of controls
Selection of the control group was based on incidencedensity sampling (29) . The eligible control pool for each case consisted of all individuals without a diagnosis of diabetes at the date the case was diagnosed. For each case, up to four eligible controls were matched on age at index, sex, practice site, duration and calendar period of follow-up.
Exposures and covariates
The primary exposure of interest was any exposure more than 1 year before the index date to one of seven antibiotic groups commonly used in the outpatient setting: penicillins, cephalosporins, macrolides, tetracyclines, sulphonamides, quinolones and imidazole. The analysis was performed for each antibiotic class separately. We also assessed anti-viral and anti-fungal medications as potential negative controls. For each of the antibiotic classes, we evaluated the effect of number of antibiotic courses (0, 1, 2-5 and O5 courses). As potential confounders, we examined a comprehensive list of variables including obesity (BMI O30); smoking history (ever or never); medical co-morbidities including coronary artery disease and hyperlipidaemia treated with statins; number of previous urinary, skin and respiratory infections; and last glucose measure before or at diagnosis date. All covariates were measured before the index date.
Statistical analyses
The baseline characteristics of cases and controls were compared using c 2 test for categorical variables and t-test for continuous variables. The primary analysis was a conditional logistic regression to estimate ORs and 95% CIs for the association between number of antibiotic courses for each antibiotic class and diabetes risk. The reference exposure group consisted of individuals without documented therapy with the specific antibiotic. The analysis was adjusted for all potential confounders. Bonferroni correction was performed to account for multiple comparisons due to assessment of nine treatment groups (seven antimicrobial groups as well as anti-viral and anti-fungal). The analysis was repeated only among individuals without urinary or skin infections before index date to minimise indication bias. For penicillins, due to the large number of prescriptions and high statistical power, we were able to repeat the analysis among individuals with last antibiotic prescription more than 5 years before diagnosis date. In this analysis, we did not adjust to last glucose value and the number of infections before index date as they occurred after exposure. In an additional sensitivity analysis, we evaluated the association between antibiotic exposure and auto-immune type 1 diabetes compared with type 2 disease that is associated with insulin resistance. The definition for type 1 diabetes included individuals with specific Read codes for the disease, individuals who initiated insulin therapy within 90 days of diagnosis and individuals below the age of 30 at the time of diagnosis. Furthermore, since glucose level might be part of the causal pathway between insulin resistance and diabetes, infection and antibiotic use we repeated the analysis without adjustment to this variable.
Results
The study population included 208 002 diabetic cases and 815 576 matched controls ( Table 1 ). As expected, diabetic patients had elevated risk for high BMI, hyperlipidaemia and coronary artery disease, as part of the metabolic syndrome. In addition, cases had higher rate of infections before diagnosis date compared with controls, especially of the urinary tract (19.3% vs 15.1%) and skin (17.8% vs 12.4%). The most commonly prescribed antibiotic among the study population was penicillin, with 426 159 subjects (41.6%) receiving at least one prescription during followup period, followed by macrolides (150 996 subjects, 14.8%) and TMP/SMX (120 494 subjects, 11.8%).
The univariate analysis demonstrated increased diabetes risk with all antibiotic groups, reaching to an OR of 2.12 (95% CI 2.08-2.17) for exposure to more than five antibiotic courses of penicillins (Table 2 ). In the multivariate analysis, a single antibiotic prescription more than 1 year before diagnosis date was not associated with higher adjusted diabetes risk in all antibiotic groups after applying the Bonferroni correction. The only exception was treatment with cephalosporins that was associated with a modest increase in diabetes risk (adjusted OR 1.09, 95% CI 1.05-1.13). Treatment with two to five antibiotic courses was associated with increase in diabetes risk for penicillin, cephalosporins, macrolides and quinolones with adjusted OR ranging from 1.08 (95% CI 1.05-1.11) for penicillin to 1.15 (95% CI 1.08-1.23) for quinolones. The risk increased with the number of antibiotic courses and reached 1.37 (95% CI 1.19-1.58) for more than five courses of quinolones. For two to five antibiotic courses, there was a modest increase in diabetes risk with TMP/SMX use (adjusted OR 1.1, 95% CI 1.05-1.15). For more than five antibiotic courses, there was also an elevated risk with tetracyclines (adjusted OR 1.21, 95% CI 1.09-1.33). There was no association between treatment with imidazole, anti-virals and anti-fungals and diabetes risk independent of the number of treatment courses (Table 2) .
In a sensitivity analysis performed only among subjects without urinary tract or skin infections before index date, there was no change in results apart from lack of association between any number of TMP/SMX courses and diabetes risk (Table 3 ). In additionally, among subjects on last penicillin prescription more than 5 years before diagnosis with diabetes, the unadjusted ORs were 1.18 (95% CI 1.15-1.21), 1.57 (95% CI 1.43-1.74) and 1.87 (95% CI 1.39-2.52) for 1, 2-5 and more than five antibiotic courses, respectively, all with P!0.0001. The adjusted ORs were 1.05 (95% CI 1.02-1.08, PZ0.002), 1.23 (95% CI 1.1-1.37, P!0.0001), 1.33 (95% CI 0.95-1.86, PZ0.09) respectively.
When only subjects with type 1 diabetes were analysed, there was an association only between exposure to more than five courses of penicillin or two to five courses of cephalosporin and disease risk (ORs 1.41 95% CI 1.11-1.78 and 1.63 95% CI 1.26-2.11 respectively). No association was observed between other antibiotic groups or number of antibiotic courses prescribed and diabetes risk (Table 4) .
In an additional sensitivity analysis not adjusted to last glucose level before or at diagnosis, there was an even higher increase in diabetes risk. In this analysis, the risk was demonstrated with all antibiotic groups and with both type 1 and type 2 diabetes (data not shown). The risk for type 1 diabetes increased with the number of antibiotic courses from 1.09 (95% CI 1.03-1.16) for a single course of penicillin to 1.67 (95% CI 1.53-1.83) for more than five courses. 
Discussion
In this large population-based study, we showed an association between past antibiotic exposure and diabetes risk. This association was more pronounced with increased number of antibiotic courses prescribed. While the univariate analysis demonstrated a higher risk with exposure to all antibiotic groups and for both type 1 and type 2 diabetes, the adjusted analysis revealed an increase in risk only after exposure to more than one course of penicillin, cephalosporins, macrolides and quinolones, and showed almost no change in risk for participants with type 1 diabetes. The OR reached 1.15 (95% CI 1.08-1.23, P!0.0001) for two to five courses and 1.37 (95% CI 1.19-1.58, P!0.0001) for more than five courses of quinolones. There was no increase in risk with exposure to anti-viral or anti-fungal medications.
There was no change in association when a stratified analysis only among subjects without previous urinary or skin infections before index date was performed.
Those results are consistent with previous studies in humans, showing microbial changes in patients with type 2 diabetes (3, 4) and increased risk of overweight among infants who were exposed to antibiotics during the first year of life (28) . They are also consistent with mice models showing disruption of the microbiota, altered metabolic gene expression and induced adiposity following low dose antibiotic (25, 26) . However, in models of obese mice, antibiotic administration with maximal suppression of the microbiota improved glycaemic control (27) . One possible explanation is that certain bacteria are necessary in order to cause the phenotype of obesity and diabetes, and low dose antibiotics might increase the 'necessary pro-diabetes microbiota'. The fact that germfree mice remain lean even after consuming western diet supports the role of a 'pro-diabetes microbiota' (13) .
The current study had more than one million subjects, of them 208 002 diabetic patients, with a follow-up of up to 18 years. Only individuals who were diagnosed more than 6 months after initiation of follow-up were considered as cases in order to avoid prevalent cases. Over 40% of participants had at least one antibiotic prescription during the study duration. By matching cases and controls on duration and calendar period of follow-up as well as practice site, we avoided time-window bias and minimised confounding secondary to different clinical judgment regarding antibiotic prescription and type of antibiotic used.
In order to avoid possible protopathic bias (i.e. infections in the period before diagnosis could be the results of infections associated with undiagnosed diabetes), we analysed only antibiotic prescriptions given more than 1 year before diagnosis date. Adjustment to the number of previous urinary, skin and respiratory tract infections, as well as the sensitivity analysis among subjects without previous urinary and skin infections, known to be higher in diabetic patients, limited the possibility of confounding by indication. For penicillins, we were able to analyse the effect of antibiotic exposure more than 5 years before diabetes was diagnosed, allowing us to evaluate possible reverse causation in which the prediabetes state of insulin resistance increased infection risk and antibiotic use. The results for this sensitivity analysis were similar to the overall analysis pointing against possible overuse of antibiotics due to pre-diabetes state.
We further adjusted to obesity, hyperlipidaemia treated with statins, last glucose level before or at diagnosis and coronary artery disease. All those variables, together with diabetes, are part of the metabolic syndrome. Those parameters are associated with diabetes as well as with change in the microbiota and thus serve as possible confounders.
The current work had several limitations. Information regarding BMI was missing for w30% of the study population, because unlike prescription or medical diagnosis information in THIN, recording of BMI data was not mandated by the general practices. We analysed subjects with missing BMI information as a separate group and additionally performed complete-subject analysis which showed no change in results. Of note, obesity is the known risk factor for diabetes and metabolic syndrome, the percent of obese (BMI O30) participants in the current study were w22% compared with the reported 26% of the UK population in 2010 (HSCIC: Statistics on Obesity, Physical Activity and Diet -England, 2012).
The cases were defined according to at least one Read code for diabetes mellitus. Because many codes did not specify the type of diabetes that was diagnosed, in addition to specific type 1 diabetes codes, we included age !30 and initial insulin prescription within 90 days of diagnosis as additional definitions for the disease. The overall analysis was performed in patients with either type 1 or type 2 diabetes.
Our observational study did not include information regarding the microbiota composition of cases and controls and thus cannot infer causality. However, as change in the microbiota was previously demonstrated in humans in the entire spectrum of pathologies from obesity to insulin resistance and diabetes and as earlier studies showed antibiotic exposure as a risk factor for obesity (3, 4, 28) , our results may support a possible hypothesis that change in the gut microbiota secondary to antibiotic exposure increase diabetes risk. The need for recurrent antibiotic exposures in addition to the lack of known direct harmful effect of antibiotics on the b-cells of the pancreas is in concordance with such a hypothesis.
We had no information regarding whether the antibiotics prescribed were actually taken; however we expect that if compliance was actually lower it would have changed our results towards the null hypothesis. People may also use more than one type of antibiotic during follow-up, making it difficult to differentiate between the effects of different antibiotic groups. Our study results, showing differential effect between groups as well as compared with anti-viral and most anti-fungal medications, point against possible surveillance bias (i.e. people with infections are more likely to be diagnosed with diabetes). As we performed multiple comparison for exposure to various pre-defined antibiotic groups, we used the conservative Bonferonni correction in the final statistical analysis.
Importantly, although both unadjusted and adjusted analysis showed an association between antibiotic exposure and diabetes risk, the results differ in the magnitude of risk, the antibiotic groups associated with the risk and the effect on type 1 diabetes (increased risk in the univariate analysis vs almost no risk in the adjusted analysis). While the lack of association in type 1 diabetes might be explained by the different auto-immune pathogenesis of the disease, possibly viral induced (36, 37), we could not rule out over adjustment, decreasing the risk towards the null hypothesis, as an alternate explanation for our results. For this reason, we conducted a sensitivity analysis without adjustment for last glucose levels that might serve as part of a causal pathway between antibiotic exposure and diabetes risk. In this analysis, antibiotic exposure was associated with type 1 diabetes. These contrasting results prevent us from clear conclusions regarding type 1 diabetes and further studies are needed.
In summary, we demonstrated a higher adjusted risk for type 2 diabetes among individuals with recurrent exposures to penicillin, cephalosporins, macrolides and quinolones. There was no increase in adjusted risk for exposure to antiviral or anti-fungal medications. Despite the observational design and possibility of unmeasured confounding, the results are consistent with previous works that described altered microbiota in obese individuals as well as in subjects with insulin resistance and increase in obesity among individuals exposed to antibiotics during the first year of life. It is also consistent with animal models showing that the obese phenotype can be transformed by transplanting 'obesity-related bacteria' or induced by low dose antibiotic. Future studies in humans should focus on the changes in microbiota, which are caused by repeated antibiotic exposure; the effect of antibiotic exposure in different age groups; the genetic pathways that are affected by the microbiota; and whether antibiotic administration in diabetic patients might improve glycaemic control.
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